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formaldehyde in leukemic cells. Third,
upregulation of POLQ in AML compared
with normal blood cells indicates a func-
tional requirement for POLQ to limit the
cytotoxicity of formaldehyde genotoxicity.

This study provides needed data to
address several important future ques-
tions. If formaldehyde is an Achilles heel
in AML, can we further synergize
leukemic cells to formaldehyde toxicity
by targeting POLQ in combination
with other formaldehyde protective
pathways (eg, ALDH2 and ADH5
detoxification enzymes) and the FA
DNA repair pathway? In addition, there
are ≈500 million people worldwide, pre-
dominantly in East Asia, who carry a nat-
ural polymorphism in the ALDH2 gene
that inactivates enzymatic activity.9 Could
AMLs arising in these individuals be more
sensitive to aldehyde-directed therapy, or
conversely be more susceptible to toxic
adverse effects because of the loss of
formaldehyde catabolism in normal cells?
Precision medicine could play an impor-
tant factor in these treatment decisions.
Extending beyond formaldehyde, are
there other metabolic genotoxins that
can be therapeutically harnessed for
leukemia therapy, such as increased
levels of malondialdehydes and fatty
aldehydes reported in AML?8,10 To fully
explore this question, we will need to
deploy sensitive assays to measure these
reactive chemicals in patient samples,
and test inhibition of protective pathways
respective to these other aldehydes.
Overall, the findings by Vekariya et al
bring into focus a fundamental question
regarding the physiological sources of
DNA damage in cancer cells, and how
such insight can translate into novel
therapeutic strategies.
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THROMBOSIS AND HEMOSTASIS

Comment on Grover et al, page 2390

Hereditary angioedema and
thrombosis
David Gailani | Vanderbilt University Medical Center

In this issue of Blood, Grover et al report that deficiency of the plasma serpin
C1 inhibitor (C1-INH) enhances thrombin generation in human plasma and
venous thrombus growth in mice.1 Last year this group presented epidemi-
ologic evidence indicating patients with hereditary angioedema (HAE), most
of whom have a deficiency of C1-INH, are at moderately increased risk for
venous thromboembolism (VTE).2 In the current study, they convincingly
demonstrate that C1-INH deficiency is procoagulant in vitro and pro-
thrombotic in a rodent model. However, the proposition that C1-INH defi-
ciency significantly increases VTE risk in humans is likely to be controversial,
as it runs counter to the clinical impression that patients with HAE, despite
having recurrent episodes of soft-tissue edema due to hyperactivity of the
plasma kallikrein-kinin system (KKS), rarely have thrombotic events.3-5
The KKS comprises the protease zymo-
gens factor XII (FXII) and prekallikrein (PK)
and the cofactor/substrate high molecular
weight kininogen (HK).3-5 In plasma, FXII
and PK reciprocally convert each other to
the proteases FXIIa and plasma kallikrein
(PKa), respectively (see figure panel A).6

PKa cleaves HK, releasing the vasoactive
peptide bradykinin (see figure panel B),
which binds to the G protein–coupled
bradykinin B2 receptor, promoting vaso-
dilatation and vascular permeability,
among its several effects.3-5 C1-INH is the
main regulator of FXII/PK reciprocal acti-
vation. Patients with HAE typically have 5%
to 35% of the normal C1-INH concentra-
tion in plasma,3,5 rendering them suscep-
tible to processes that accelerate FXII and
PK activation. This leads to episodes of
bradykinin-induced soft-tissue edema
involving the face, oropharynx, hands,
genitals, and/or gastrointestinal tract that
may be life threatening.

Reciprocal FXII/PK activation is enhanced
by a process called contact activation,
which occurs when KKS proteins bind to
certain macromolecules or “surfaces” (see
figure panel C).6 Bradykinin generation
increases as a consequence of the
increased PKa. A variety of organic (eg,
nucleic acids, glycosaminoglycans) and
inorganic (eg, polyphosphates, silicates)
substances support contact activation
in vitro.5-7 High local levels of bradykinin,
probably driven by contact activation,
contribute to tissue edema at injury sites.
It is assumed that a surface-driven process
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The plasma KKS and contact activation. (A) The plasma zymogens FXII and PK undergo reciprocal activation in
solution to the proteases FXIIa and PKa, respectively. This process is restricted by C1-INH, which inhibits both
FXIIa and PKa. (B) Most PK in plasma circulates in a complex with HK. HK has 6 domains (D1-D6), the fourth of
which contains the 9 amino acid bradykinin (BK) sequence. PKa cleaves HK at 2 locations to release bradykinin.
(C) FXII, PK, and HK bind to a variety of surfaces (gray box). This enhances FXIIa and PKa formation and BK
generation by a process called contact activation. HK serves as a cofactor for PK binding to the surface, in
addition to being a substrate for PKa. During contact activation, FXI also binds to the surface in an HK-
dependent manner and is converted to the active protease FXIa. FXIa activates the coagulation protease
FIX to FIXa, which drives thrombin generation and plasma clot formation. PKa also activates FIX but much less
efficiently than FXI. In all panels, green arrows indicate protease-mediated reactions.
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(either local or systemic) is involved in
angioedema in HAE patients, although this
is not certain in all cases, and the nature of
the contact-inducing substances has not
been firmly established.

During contact activation, FXI, a homo-
log of PK, binds to the surface and is
converted to the protease FXIa by FXIIa
(see figure panel C).5,6 FXIa is a potent
activator of the coagulation protease
FIX. In the activated partial thrombo-
plastin time assay, clotting is induced by
adding a surface such as silica to plasma
that drives massive activation of the KKS,
leading to FXIa production and clot for-
mation. Contact activation does not
appear to be required for hemostasis at
2296 11 MAY 2023 | VOLUME 141, NUMB
a site of injury and may have a limited
role in common thrombotic disorders
such as myocardial infarction, stroke, and
VTE. However, nonbiological surfaces of
medical devices, such as those used in
cardiopulmonary bypass, extracorporeal
membrane oxygenation, and renal dial-
ysis, support the reactions shown in
figure panel C.7 The requirement for
systemic anticoagulation to prevent
thrombus formation during procedures
involving these devices reflects the pro-
thrombotic nature of contact activation.

Grover et al show that thrombin gener-
ation is significantly increased in C1-
INH–deficient plasmas from patients
with HAE than in plasmas from healthy
ER 19
controls when silica-induced contact acti-
vation is used to initiate clotting through
the intrinsic pathway. In contrast, thrombin
generation is similar in normal and HAE
plasmas supplemented with tissue factor,
which promotes clotting through the
extrinsic pathway. These findings support
the hypothesis that KKS dysregulation
contributes to clotting in HAE plasma.
Then, using an inferior vena cava stenosis
model, they showed that mice lacking
C1-INH (C1inh−/−) developed significantly
larger thrombi than wild-type mice. This
difference disappeared if C1inh−/− mice
were first treated with human C1-INH.
Interestingly, at baseline C1inh−/− mice
have elevated plasma levels of markers of
thrombin generation, such as thrombin-
antithrombin complex. Similar findings
have been reported in plasmas from
patients with HAE at baseline, with levels
increasing during episodes of
angioedema.8,9

In their earlier study of patients with HAE,2

Grover et al suggested C1-INH deficiency
confers a modest increase in VTE risk, on
the order of that associated with hetero-
zygosity for the factor V-Leiden poly-
morphism. Considering this, and the rarity
of HAE (~1 in 50 000 individuals), most
clinicians taking care of patients with HAE
will see few thrombotic events. Perhaps
this explains the impression that throm-
bosis risk is not increased in HAE. Yet,
given the marked increase in KKS activity
during bouts of angioedema, it is sur-
prising that we do not see more throm-
bosis in these patients. Unlike reciprocal
activation of FXII and PK, which occurs
without a surface, FXI activation by FXIIa is
surface dependent.6 Perhaps a classic
surface-driven process is not responsible
for bradykinin production in many
patients with HAE. Indeed, a form of HAE
associated with a FXII mutation, rather
than reduced C1-INH, appears to pro-
mote bradykinin generation in a surface-
independent manner.10 Alternatively, the
types of surfaces involved in triggering
HAEmay interactpoorlywith FXI.3,4 Even if
some FXIa is formed, it can be inhibited by
several plasma serpins other than C1-INH,
blunting its thrombotic potential. Yet
another possibility is that bursts of intense
thrombin generation during most HAE
attacks are of insufficient duration to sup-
port thrombus growth to the point that it
becomes clinically apparent.

The therapeutic implications of the work
by Grover et al are not clear at this point,
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but it seems reasonable to consider pro-
phylactic anticoagulation with illnesses or
procedures that may precipitate attacks
of angioedema in patients with HAE.
Long-term prophylaxis for patients with
thrombotic events may be difficult with
traditional infusions of C1-INH, but newer
agents with long half-lives such as anti-
FXII(a) or anti-PK(a) antibodies or chronic
therapy with oral PKa inhibitors may be
useful for reducing thrombotic risk.
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4. Maas C, Renné T. Coagulation factor XII in
thrombosis and inflammation. Blood. 2018;
131(17):1903-1909.

5. Schmaier AH. The contact activation and
kallikrein/kinin systems: pathophysiologic and
physiologic activities. J Thromb Haemost.
2016;14(1):28-39.

6. Shamanaev A, Litvak M, Gailani D. Recent
advances in factor XII structure and function.
Curr Opin Hematol. 2022;29(5):233-243.
7. Tillman B, Gailani D. Inhibition of factors XI
and XII for prevention of thrombosis induced
by artificial surfaces. Semin Thromb Hemost.
2018;44(1):60-69.

8. Cugno M, Cicardi M, Bottasso B, et al.
Activation of the coagulation cascade in
C1-inhibitor deficiency. Blood. 1997;89(9):
3213-3218.

9. Reshef A, Zanichelli A, Longhurst H, Relan A,
Hack CE. Elevated D-dimers in attacks of
hereditary angioedema are not associated
with increased thrombotic risk. Allergy. 2015;
70(5):506-513.

10. Ivanov I, Matafonov A, Sun MF, et al.
A mechanism for hereditary angioedema with
normal C1 inhibitor: an inhibitory regulatory
role for the factor XII heavy chain. Blood.
2019;133(10):1152-1163.
https://doi.org/10.1182/blood.2023019861

© 2023 by The American Society of Hematology
11 MAY 2023 | VOLUME 141, NUMBER 19 2297

ations.net/blood/article-pdf/141/19/2295/2069277/blood_bld-2023-019861-c-m
ain.pdf by guest on 06 M

ay 2024

http://refhub.elsevier.com/S0006-4971(23)00559-1/sref1
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref1
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref1
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref1
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref1
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref2
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref2
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref2
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref2
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref2
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref3
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref3
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref3
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref3
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref4
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref4
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref4
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref4
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref5
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref5
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref5
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref5
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref6
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref6
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref6
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref7
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref7
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref7
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref7
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref8
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref8
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref8
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref8
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref9
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref9
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref9
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref9
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref9
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref10
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref10
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref10
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref10
http://refhub.elsevier.com/S0006-4971(23)00559-1/sref10
https://doi.org/10.1182/blood.2023019861

	Outline placeholder
	References

	Hereditary angioedema and thrombosis
	References


